The seismic design of bridges may require a large-diameter deep pile foundation such as a cast-in-steel-shell (CISS) pile where a reinforced concrete (RC) member is cast in a steel casing. In practice, the steel casing is not considered in the structural design and the pile is assumed to be an RC member. It is partially attributed to the difficulties in evaluation of composite action of a CISS pile. However, by considering benefits provided by composite action of the infilled concrete and the steel casing, both the cost and size of CISS pile can be reduced. In this study, the structural behavior of the RC pier and the CISS pile connection is simulated by using an advanced 3D finite element (FE) method, where the interface between the steel and concrete is also modeled. Firstly, the FE model is verified. Then, the parametric study is conducted. The analysis results suggest that the embedment length and the friction coefficient between the steel casing and the infilled concrete affect the structural behavior of the RC pier. Finally, the minimum embedment length with reference to the AASHTO design guideline is suggested considering the composite action of the CISS pile.
Introduction
Cast-in-steel-shell (CISS) piles are driven pipe piles filled with cast-in-place reinforced concrete (RC) with longitudinal and transverse reinforcing bars. CISS piles are frequently used for a bridge foundation when the construction site consists of soft or liquefiable soil or when a large lateral soil deformation due to seismic loading is expected. The construction sequences of a CISS pile are as follows: (1) a steel casing is driven, (2) soil inside the steel casing is removed, (3) a mesh of longitudinal and transverse reinforcing bars is placed, and (4) the concrete is poured and cured. These elements can exceed 2 m in diameter and more than 70 m in length. An example of the CISS pile is Pier No. 4 of the Ebey Slough project in Washington State as shown in Figure 1 . In this case, the steel casing is 1.8 m in diameter and 25 mm thick. The CISS pile extends approximately 72.5 m below the base of the bridge pier. The CISS pile is reinforced with 32 #14 longitudinal bars (the diameter of #14 reinforcing bar is 43 mm) and heavy spiral transverse reinforcement.
A CISS pile is typically designed as an RC member ignoring the strength of the steel casing and the composite action between the steel casing and the infilled concrete [1] . The current AASHTO LRFD bridge design specification [2] provides the design details of such piles but does not consider the strength of the steel casing. There are a few reasons for ignoring the strength of the steel casing in the CISS pile design. Firstly, the composite action of the steel casing and the infilled concrete is unclear since the friction coefficient may decrease with increasing the dirt or other debris in the steel casing. Secondly, the steel casing is not properly protected from rusting and it may lead to the reduction of the steel crosssectional area. Thirdly, the steel casing may be damaged during the drilling process which also leads to the reduction of the steel cross-sectional area. These problems might be solved by using the weathering steel to prevent the corrosion or high ductility steel to reduce the damage of the tube during the drilling process. In such case, the contribution of the steel tube to the structural behavior of the CISS pile can be considered for the design of such pile. Roeder and Lehman [1] show the significant benefits of employing the strength provided by the steel casing in addition to the infilled concrete for the design of a CISS pile. They suggest that the CISS pile can be designed as a concrete filled tube (CFT) member. One of the most crucial advantages of such a design approach is that the reinforcement inside the CISS pile can be removed as the steel casing replaces the reinforcing bars. This will reduce the cost of the CISS pile and the construction process becomes simpler. If this is the case, the longitudinal reinforcement of the RC pier needs to be embedded into the infilled concrete of the CISS pile so that the strength of the reinforcement is fully developed. Therefore, it is important to understand the proper embedment length of the longitudinal reinforcement considering the interface behavior between the infilled concrete and the steel casing in the CISS pile. However, most of the studies about CISS pile are focused on the mechanical behavior of CISS pile itself and connection behavior of the CISS pile is limited [3] [4] [5] .
The objective of this study is to investigate the behavior of the RC pier and the CISS pile connection considering the interface between the steel casing and the infilled concrete.
For this, the finite element (FE) model to simulate the RC pier and the CISS pile connection is developed where the interface characteristic between the steel and concrete is also modeled. Then, a series of FE analysis is conducted for a parametric study. In particular, the embedment length of the longitudinal reinforcement in the RC pier to the CISS pile (referred to as the embedment length for short) is selected as a key parameter. The friction characteristic between the steel casing and the infilled concrete is also an important parameter and its effect on the connection behavior is studied. Finally, the minimum embedment length is proposed based on the results of parametric study.
Description and Verification of FE Analysis Model
As mentioned in the introduction, the lack of validated design models for the connection limits the use of the CISS pile. There are several important aspects of the design of the CISS pile-to-RC pier connection. The first is the required embedment length for the full function of the RC pier. In addition, other parameters including the relative CISS pileto-RC pier diameter and axial load ratio can influence the response. Here, the objective is to conduct a parametric study of the salient variables. As pointed out previously, the Step 1: Uniform axial load study about the CISS pile-to-RC pier connection is limited. Therefore, a validated FE modeling approach is developed to study this connection. The nonlinear FE analysis is performed by using general purpose FE analysis package ABAQUS [7] . First, the model is validated using prior experimental results on the concrete filled tube (CFT) components and RC components subject to combined loading. The validated model is used to conduct a parametric study, which is then used to evaluate design expression for this connection.
Description of FE Analysis Model.
The typical CISS pileto-RC pier connection is illustrated in Figure 2 where 1 and 2 are the diameters and 1 and 2 are the lengths of the RC pier and CISS pile, respectively, and is the embedment length. and are the axial and the lateral forces that act on the RC pier. Figure 3 shows the FE model of the CISS pile-to-RC pier connection used in this study. For efficient modeling, only half of the system is modeled by taking advantage of the symmetry. This approach can reduce the computational time. The infilled concrete is modeled using 8-node solid elements with reduced integration point and the steel casing is modeled using 4-node shell elements with reduced integration point. At each nodal point, GAP elements are used to simulate the interface between the infilled concrete and the steel casing. The GAP element allows for two nodes to be in contact (gap closed) or separated (gap open) with respect to a particular direction and a separation condition [7] . Thus, infinite stiffness in compression and no stiffness in tension condition can be simulated by using the GAP element. This modeling approach provides three distinct advantages. Firstly, the relative movement (slip) between the steel casing and the infilled concrete can be modeled directly. Secondly, the GAP element can simulate Poisson's effect of the concrete in compression, providing confinement stress to infilled concrete. Therefore, confining effects are modeled directly and an empirical model of the compressive stressstrain relationship of the confined concrete is not necessary [8] . Thirdly, shear stresses between the steel casing and infilled concrete are modeled by friction, which is specified by a friction coefficient defined in GAP elements. The truss elements are used to model the reinforcing bars, where the truss element has 2 nodes with axial displacement degree of freedom and 1 integration point at the center, and they are embedded into the concrete by using EMBEDED option in ABAQUS [7] . This modeling approach to the CISS pile is previously verified by comparing with experimental results under various loading and boundary conditions [8, 9] .
Analysis of the CISS pile includes many nonlinear responses such as concrete cracking and contact problems. Thus, to ensure the convergence of the solution, STABILIZE option in ABAQUS [7] is used in this study. STABILIZE option provides an automatic mechanism for stabilizing unstable quasi-static problems through the automatic addition of volume-proportional damping to the model [7] .
The bottom of the analysis model is fixed against rotation and translation, as shown in Figure 3 . The translation in direction 1 is restrained for the middle plane to simulate the symmetric boundary about 2-3 plane, as shown in Figure 3 . A vertical pressure is applied at the top of the model to simulate the axial load in the first loading step. Then, a monotonically increasing lateral load is applied using a displacement control option, as shown in Figure 3 .
As mentioned earlier, a CISS pile can exceed more than 70 m in length. Thus, the length of the CISS pile simulated in the analytical model should be appropriately selected to ensure efficiency and accuracy. In this study, the optimal length of the CISS pile is selected such that it is long enough to minimize the end effect due to the boundary condition while it is short enough to minimize the number of degrees of freedom of the model. The selected length of the FE model of the CISS pile is twice the diameter of the CISS pile according to a parametric study. Figure 4 shows the material models used in this study. The uniaxial compressive and tensile behaviors of the plain concrete are modeled using the expressions proposed by Saenz [10] and Hsu and Mo [11] , respectively, as shown in Figure 4 (a), where Young's modulus of the concrete, , is estimated as 4,700√ (MPa) according to ACI design code [12] . in Figure 4 (a) is set as 0.003. of the concrete is defined as 0.31√ (MPa) based on the results of Hsu and Mo [11] . The elastic response is assumed up to 0.5 . To simulate inelastic behavior of the concrete under a general 3D stress state, the concrete damaged plasticity model in ABAQUS [7] is adopted. A value of 20 ∘ for the dilation angle, , is adopted from the previous research for the CFT modeling conducted by Moon et al. [8] , and 31
∘ for the RC pier is determined from the comparison with the previous RC column test conducted by Pang et al. [13] .
The average stress-strain relationship of a reinforcing bar embedded in concrete is different from that of a bare reinforcing bar [11] . The primary difference is the lower effective yield stress of reinforcing bar, . In this study, the average stress-strain relationship of an embedded reinforcing bar proposed by Hsu and Mo [11] is adopted, as shown in Figure 4 (b). Young's modulus of the reinforcing bar, , is assumed to be 200 GPa. In Figure 4 , (the reduced effective yield stress of the reinforcing bar) and are the function of the reinforcement ratio, , and the details of calculation of these values can be found in [11] .
For the steel casing, a trilinear stress-strain relationship is used with an isotropic hardening plasticity rule. Young's modulus of the steel, , is approximated to 200 GPa, and Poisson's ratio of the steel, , is set as 0.3. The plastic plateau terminates when strain of the steel, , is equal to 10 times the yield strain of the steel (10 ) and stress increases up to ultimate strength of the steel, , which is achieved when the ultimate strain of the steel, , is 0.1, as shown in Figure 4 (c).
Verification of FE Analysis Model. The test results from
Low and Moehle [6] are used to verify the accuracy of the model for well and poorly embedded reinforcement. Figure 5 (a) shows the dimensions of the test specimen where the column section is 127 mm by 165 mm and the longitudinal reinforcement consisted of #2 and #3 bars. (The diameters of #2 and #3 bars are 6.35 mm and 9.525 mm, resp.) The reinforcing bars are embedded to a depth of 117.8 mm, as shown in Figure 5 (a). In addition to the experimental results, analytical results by Luccioni et al. [14] are used for verification. Luccioni et al. [14] conduct a structural analysis for the model shown in Figure 5 (a) to verify their bond-slip model for reinforcing bar. Then, they conduct a parametric study to investigate the effect of the embedment length of the longitudinal reinforcing bar. Both the analytical results of Luccioni et al. [14] and the experimental results from Low and Moehle [6] are used to validate the FE model developed in this study. [14] , and the proposed model in this study are compared in Figure 6 (a). The stiffness and peak strength are very similar for all three models. For the shorter embedment lengths ( = 76.2 and 25.4 mm), as shown in Figures 6(b) and 6(c), postpeak behaviors of the two simulated analyses are slightly different. However, neither has been verified with experimental results and slight differences are expected with different approaches for the interface modeling between reinforcing bar and concrete. For the comparison of the peak strength, the difference between the analysis models and the results of Luccioni et al. [14] are 5% and 1% for the models having the embedment length of 8 3 and 3 3 , respectively. Thus, the proposed FE model is appropriate to simulate the behavior of the CISS pile-to-RC pier connection. load of the RC pier and it is defined as 0.85 + according to ACI design code [12] where is the crosssectional area of the concrete, and and are the yield stress and the total area of the reinforcing bar, respectively. In Table 1 , is the embedment length of the reinforcing bar into the CISS pile. The axial load ratio, / ,RC , was set as 0.1 for the base model.
Parametric Study
The RC pier is reinforced with 32 #10 longitudinal reinforcing bars (the diameter of #10 reinforcing bar is 32.26 mm) as shown in Figure 7 , resulting in a longitudinal reinforcement ratio of 1.8%. The spiral reinforcement varied along the length of the pier. Outside of the plastic hinge region (outside of ±0.5 1 from the interface between the RC pier and the CISS pile, refer to Figure 7 ), #6 spiral reinforcements spaced at 127 mm are used. The diameter of #6 reinforcing bar is 19.05 mm. It results in transverse reinforcement ratio of 0.33%. Within the possible plastic hinge region, #10 spiral spaced at 127 mm is used to meet the requirement of AASHTO LRFD design code [2] for the minimum shear reinforcement ratio in the plastic hinge region, where the transverse reinforcement ratio is equal to 0.94% for this region.
The parametric study is conducted by using the base model shown in Table 1 . The range of the value of each parameter is given in Table 2 . The parameters are the embedment length ( ), the friction coefficient between the infilled concrete and the steel casing, the diameter to wall thickness ratio of the steel casing ( 2 / ratio), the axial load ratio, and the diameter ratio between the RC pier and the CISS pile ( 1 / 2 ). The embedment, , ranges from 0.7 to 2.11. The primary parameter is the embedment length, . The value of is normalized by the development length specified in AASHTO LRFD design code [2] for deformed bar in tension. ,AASHTO is defined as ,AASHTO = 1.25 √
for a #10 bar or smaller bar where is the area of the reinforcing bar. It should be noted that ,AASHTO must be properly modified using the factors specified in AASHTO LRFD design code [2] for various conditions and locations of reinforcing bars. The details of the modification factors can be found in AASHTO LRFD design code [2] . The axial load is applied first. Then, the lateral displacement at the top of the RC pier is monotonically increased up to 254 mm, which is approximately 4.6% total drift of the RC pier. This value is sufficient to develop full plastic action in the systems. Figures 8(a) and 8(b) show the crack pattern and failure mechanism for the analysis models with / ,AASHTO = 0.7 and 2.11, respectively. It is noted that the distribution of the maximum equivalent tensile plastic strain of the concrete shown in Figure 8 represents the cracking in the concrete [7] . Let us consider the model with / ,AASHTO = 0.7 first. Figure 8(a) shows that a single predominant crack forms in the steel casing portion at the end of the embedded reinforcement. Following the opening of the crack, the reinforcement in the RC pier is pulled out from the concrete and the RC pier is separated from the CISS pile. This damage pattern resulted in an excessive rotation of RC pier. This is an undesirable response mode, since it limits the inelastic deformation capacity of the system. On the other hand, a different failure mechanism occurs for deeper embedment length cases. The tension side is cracked while the spalling of the cover concrete is observed on the compression side and a significant inelastic action is sustained at the base of RC pier for / ,AASHTO = 2.11 case, as shown in Figure 8 (b). This is a desirable inelastic response mechanism, for which a stable plastic hinge forms including cracking and plastic action in the longitudinal reinforcement in tension and compression side. Figure 9 shows analytical results for four different embedment lengths of the reinforcing bar. The embedment lengths were normalized by ,AASHTO . In Figures 9(a) and 9(b) , two different drift measures were used. "Total drift" indicates the relative rotation of the RC pier to the top of CISS pile, as shown in Figures 10(a) and 10(b) . "Pier drift" in this study is defined as the total drift minus the rigid body rotation of the RC pier due to the slip between the steel casing and the infilled concrete, as shown in Figure 10(c) . Thus, the pier drift indicates the pure flexural rotation of the RC pier. It should be noted that the difference between the total and the pier drift represents the rigid body rotation of the RC pier due to a relative slip between the steel casing and the infilled concrete. The -axis in Figures 9(a) and 9(b) denotes the moment at the base of the RC pier, , normalized by the nominal moment strength of the RC pier, , obtained from general strain compatibility method specified in ACI design code [12] .
Results of Parametric Study.
When is larger than ,AASHTO , the ultimate moment at the base was 6% larger than , as shown in Figures 9(a) and 9(b), indicating the plastic action in the RC pier. The relative slip between the steel casing and the infilled concrete is measured at the end of tension side of the CISS pile (refer to Figure 8 ). When embedment length is 1.4 ,AASHTO , the slip is approximately 0.005 1 (6.9 mm) at 3% total drift, as shown in Figure 9 (c). The slip increased as the embedment length decreases. In addition, for / ,AASHTO = 0.7, the moment demand of the RC pier does not reach . Furthermore, the comparison of Figures 9(a) and 9(b) reveals that most of the drift for the analysis model with shorter embedment lengths results from the rotation of the connection. This result suggests that the excessive slip between the infilled concrete and the steel casing, which is generated by the overturning demands of RC pier, compromises the response of the system, and it can be seen that the embedment length has a significant impact on the performance of the system. Figure 11 shows selected results of the parametric study when ,AASHTO = 0.7; that is, the embedment length is smaller than the development length specified in AASHTO LRFD [2] design code. Figures 11(a), 11(b), 11(c), and 11(d) show the effects of the 2 / ratio, the friction coefficient (F.C. in the figure) , the axial load ratio / ,RC , and 1 / 2 ratio, respectively. It should be noted that the dimension 1 is fixed when 1 / 2 is varied, and the drift in -axis is corrected for the translation of the CISS pile only (i.e., -axis represents the total drift). These variables are chosen for the following reasons: (1) the 2 / ratio is a fundamental variable, which impacts the local instability of the steel tube and the strength of a CISS pile; (2) it is assumed that the friction coefficient between the steel casing and infilled concrete varies within the range of 0.05 and 0.6. According to Baltay and Gjelsvik [15] , the friction coefficient between the steel and the concrete varies from 0.3 to 0.6, and the mean value is equal to 0.47. The variation in the friction coefficient represents the quality of the interface reflecting the effect of dirt or other debris in a steel casing. For example, the friction coefficient may decrease with increasing the dirt or other debris in the steel casing. In this study, a small friction coefficient such as 0.05 is adopted. Such conservative value (F.C. = 0.05) is adopted for the analysis to simulate the extreme case due to lack of experimental data for the friction coefficient of the CISS pile; (3) the variation in the axial load affects the flexural strength of RC pier. The practical range of the axial load ratio ( / ,RC ranges from 0 to 0.2) is investigated; and (4) the diameter ratio is investigated as a primary design parameter to consider its impact on the response. Figure 11 shows that the strength is increased with (1) a decrease in the 2 / ratio of the CISS pile, (2) a decrease in the 1 / 2 ratio (0.8 < 1 / 2 < 1), (3) an increase in friction coefficient between the steel casing and the infilled Vertical displacement due to bending a b
Vertical displacement due to bending
Pier drift (%) = ( concrete, and (4) an increase in the axial load ratio, / ,RC , up to a value of 0.2. However, although some of these models reached the nominal moment strength, , they still resulted in a pull-out failure, which is not desirable. An increase in the axial load ratio and the friction coefficient provides the additional resistance to a pull-out failure for the analysis model shown in Figure 11 , and it results in a higher strength when the embedment depth is not sufficient. Figure 12 shows the results of parametric study for the longer embedment length ( / ,AASHTO = 1.41). For all analysis results, cracking in tension and the spalling in compression side at the base of RC pier are observed, and the effects of 2 / ratio, friction coefficient, and 1 / 2 ratio are negligible since the strength of the connection is enough to develop the plastic hinge, as shown in Figures 12(a) , 12(b), and 12(d). Furthermore, it can be found that increase in the axial load and decrease in 1 / 2 ratio result in increase in stiffness, as shown in Figures 12(c) and 12(d) .
From Figure 12 (c), a strength degradation is observed for the analysis model with / ,RC = 0.2. Generally, a brittle failure occurs when the applied axial load exceeds the axial load of the balanced point in a -interaction curve for a reinforced concrete column because the concrete crushing occurs before the yielding of the reinforcing bar. The same failure mode is observed for the analysis model having / ,RC = 0.2. A key aspect of adequate development length is the ability to develop strains beyond the yield strain in the anchored bar. This is studied for each of the models. Figure 13 shows the relationship between the axial strain in compression (or tension) reinforcing bar at 3% drift and / ,AASHTO . It is noted that the axial strain in reinforcing bar is obtained at the interface between the CISS pile and RC column. When / ,AASHTO is less than 1, the majority of the models did not reach strains that exceed the yield strain, , as shown in Figures 13(a) and 13(b) . For the analysis models with / ,AASHTO = 1.01, there is a variation in the achieved axial strain of the reinforcing bar. Some of the analysis results do not reach to yield strain. In particular, this is true for models with very low friction coefficient (F.C. = 0.05). Furthermore, when / ,AASHTO is larger than 1.5, strain in the tension reinforcing bar approximately reaches to 5 , as shown in Figure 13 (b). When 1 / 2 is equal to 1 (i.e., the diameter of the CISS pile and RC pier is the same), the strain in compression reinforcing bar is relatively high compared with the other cases. This is because compression reinforcing bar is slightly buckled due to lack of sufficient concrete area at interface between the CISS pile and RC pier. Taken as whole, the analysis results show that / ,AASHTO should be larger than approximately 1.5 to achieve considerable inelastic deformation in reinforcing bar. Figure 14 represents variation in the moment capacity of the connection with embedment length of reinforcing bar. For values of / ,AASHTO = 0.70 and 1.01, some of the analysis results do not achieve sufficient moment capacity of the connection. In particular, this is noted for the models with low friction coefficient values, as shown in Figure 14 . The analysis results with the friction coefficient of 0.05 give low bound for the moment capacity of the CISS pile-to-RC pier connection. These results show that / ,AASHTO should be larger than approximately 1.25. Thus, a minimum value of / ,AASHTO = 1.5 is recommended to develop the full strength of the CISS pile-to-RC pier connection and considerable inelastic deformation in reinforcing bar at the same time. However, this recommendation is based on an analytical study only without experimental results. The additional experimental research is needed to develop robust design equation for the minimum embedment length of the pier longitudinal reinforcement into the CISS pile. 
Summary and Conclusions
This study presents a nonlinear FE analysis result of the CISS pile-to-RC pier connection considering the steel-concrete interface behavior. The effect of the embedment length of the reinforcing bars to the strength of the RC pier is evaluated. The effect of the friction coefficient between the steel casing and the infilled concrete is also evaluated. Depending on the embedment length of the reinforcing bar that extends into the CISS pile, two different failure mechanisms are observed. For the short embedment lengths, the pull-out failure is noted, while a desirable plastic action at the bottom of the RC pier is generated when the embedment depth is sufficient.
The effects of key parameters are evaluated by conducting a parametric study. For a short embedment length, there is an increased likelihood of pull-out failure. The effects of 
